Details of PLD deposition for five samples
Multiple repetitions of Ge and Cu depositions on sapphire substrates were performed by pulsed laser deposition (PLD). Specifically, five samples were deposited on c-plane sapphire substrates at 400±10 °C, with a laser shot frequency of 1HZ. 90 thin layers of Cu and Ge (thus a total of 180 layers) were deposited alternatively on c-sapphire for each sample. Cu and Ge layers were expected to diffuse and react to form Cu3Ge thin films because of the excess kinetic energies provided by laser ablation [1] [2] [3] . Deposition parameters were varied to systematically investigate their effects on the crystallinity and microstructure of the Cu3Ge films. The thickness of each Cu and Ge layer remains unchanged for the same sample, but decreased from sample 1 to sample 5, resulting to thinner Cu/Ge layers and higher reaction rates. The laser pulse numbers in each repetition of Cu and Ge ablations for five samples are listed as following: sample 1: Cu:Ge=35:5; sample 2: Cu:Ge=25:5; sample 3: Cu:Ge=15:5; sample 4: Cu:Ge=14:2; sample 5: Cu:Ge=7:1.
Therefore the crystallinities of Cu3Ge films were estimated to improve from sample 1 to sample 5. All depositions were carried out in a multi-target stainless steel laser chamber using a pulsed KrF excimer laser (wavelength 248 nm, pulse duration 25 ns). The targets were 4N pure Cu and Ge sheets purchased from ESPI Metals Inc. The PLD chamber was evacuated by a turbo-molecular pump to a vacuum of ~ 10 -7 torr. During the heating of the substrate to the deposition temperature (400 ±10 °C), the chamber vacuum decreased to ~ 3.0 ×10 -4 torr. The laser beam was focused onto the targets at a 45° incidence angle and had a square spot size of 2mm× 3 mm. The laser was excited from its source under "High Voltage Constant" mode so that the exciting voltage was maintained at 23.8 keV (according to previous experience in PLD deposition [4] [5] [6] [7] [8] [9] [10] [11] [12] , and the energy of laser beam at the front of the chamber was ~ 0.29-0.30 J. As a result, the energy density of the laser beam was estimated to be 4.8 -5 J cm -2 . The sapphire substrates were initially cleaned through a multi-step procedure including boiling in acetone at 150 °C for 5 min, ultrasonic cleaning in acetone for 5 min and ultrasonic cleaning in methanol for 5 min. The cleaned substrates were fully dried by nitrogen gun and then loaded into the deposition chamber where the target-substrate distance was 4 cm. The sapphire substrates were held parallel to the targets during deposition, and the targets were rotated in order to provide a uniform ablation and avoid pitting on the target surface. 
Calculation of resistivity of epitaxial Cu3Ge thin film
According to the Hertzian contact mechanics model, the radius of the contact area between a tip and the sample is given by 13 :
Where rc is the radius of the contact area, F is the force between the tip and the sample, rt is the tip radius and Er is the elastic modulus of Cu3Ge thin film 13 . rt is ~25 + 5 nm and F is ~1 nN (the product of the deflection error sensitivity ƞ, the spring constant k of the Pt/Ir tip, and the applied voltage V). The elastic modulus of Cu3Ge thin film was measured by
Where ν is Poisson's ratio for the indenter and sample, and E is the respective elastic moduli. The obtained elastic modulus was 112 GPa for room-temperature Cu3Ge 14 film and is adopted for this study. Therefore rc is calculated to be ~0.5 + 0.1 nm, and the crosssectional area (A) for current to go through is rc 2 , on the order of 0.25 nm 2 . Consequently the average resistivity of epitaxial Cu3Ge thin film can be calculated as:
Which is 20% smaller than the average value (8 + 2 μΩcm) reported for polycrystalline Cu3Ge films 14, 15 . Considering that diffusion barrier is no longer needed for Cu3Ge to replace Cu, the overall resistivity of epitaxial Cu3Ge thin film qualifies its application as the newgeneration interconnection material. Where C is the tip-sample capacitance, z is the tip-sample distance, and V is the tip-sample voltage. Combining the above two equations, the electrostatic force can be split up into three contributions:
KPFM working principle and calculation of work function for epitaxial
The DC component (FDC) contributes to the topographical signal, the term Fω measures the contact potential and the contribution F2ω can be used for capacitance microscopy. They can be expressed as following:
When VDC= VCPD, the electrostatic force component measured at frequency ω and the oscillating amplitude would be zero. Consequently VDC can track VCPD at each point of the scan area by using a feedback circuit. Once VCPD is obtained, the local work function of Cu3Ge thin film φCu3Ge can be calculated as: To understand the relationship between surface potential and film morphology/structure, the surface potential maps of epitaxial Cu3Ge thin film and polycrystalline Cu3Ge thin film with extra Ge phases are compared, as shown in Figure S4 . Figure S4a From the height maps alone, one can hardly tell the difference among individual islands in two samples and it's difficult to distinguish Cu3Ge phase from Ge phase. In contrast, the difference between surface potentials of two samples is obvious. For epitaxial Cu3Ge thin film, the surface potential distribution is almost uniform. The deviation from the maximum to the minimum surface potential is only 0.084v, and the minimum surface potential only appears in the grain boundary region, which indicates that the islands are composed of the same phase. Nevertheless for the polycrystalline Cu3Ge thin film with extra Ge phases, the deviation from the maximum to the minimum surface potentials is 0.19v, which is 250% of that for the epitaxial Cu3Ge film. More importantly, large regions of low-potential area can be distinguished from high-potential area, indicating that the individual islands are composed of different phases, regardless of the similar morphological appearance. 
